Abstract-Juvenile areolated grouper (Epinephelus areolatus) were exposed to two levels of dietary benzo [a]pyrene (BaP; 0.25-12.5 g/g body wt/d) for four weeks, followed by four weeks of depuration. Significant increase in hepatic ethoxyresorufin Odeethylase (EROD) activities was found after one week, preceding an increase in lipopigments (as measured by quantitative transmission electron microscopy) in week 2 of exposure. The EROD activities in the BaP-treated fish subsided at week 4 of exposure and throughout the depuration period. Lipopigments in the high-dose group appeared to be more persistent than that of the EROD activity during the exposure period and remained significantly higher than that of the controls at week 4. Levels of lipopigments, however, rapidly subsided on withdrawal of BaP exposure. These results appear to suggest that changes in EROD activities would precede cytological changes and that both the observed cytological and biochemical changes are reversible. Results of the present study also lend further support to our earlier findings on Solea ovata, that a significant relationship exists between EROD activity and lipopigment accumulation (as measured by volume density, absolute volume, numerical density, and absolute density; r ϭ 0.483-0.358, p Ͻ 0.05), regardless of fish species (S. ovata and aerolated grouper) as well as the routes of exposure to BaP (intraperitoneal injection or dietary exposure). This provides strong supporting evidence that elevated EROD activities in fish liver do not merely indicate exposure to polyaromatic hydrocarbons (PAHs) but are also associated with significant biological effects. Our results showed that hepatic EROD activity and lipopigments could be used to indicate recent exposure of the fish to BaP/PAHs.
INTRODUCTION
Induction of activity of the fish hepatic cytochrome P450 system enzyme ethoxyresorufin O-deethylase (EROD) has been widely used as a biomarker for exposure to xenobiotics, such as organochlorines and polycyclic aromatic hydrocarbons (PAHs) [1] [2] [3] [4] [5] . Arguably, xenobiotic-induced changes may not be ecologically relevant if such changes are not associated with adverse biological effect(s). As such, the absence of an unequivocal relationship between EROD activity and harmful biological effects has limited the ecotoxicological value of this biomarker.
On the other hand, cytological/histopathological changes are generally accepted as early indicators of toxic effects, and fish hepatocytological alterations have been regarded as good indicators for sublethal effects of xenobiotic exposure [6, 7] . Xenobiotics can generate free radical/reactive oxygen species (ROS) either directly or indirectly (through their metabolites produced by cytochrome P450-mediated biotransformation). For instance, metabolic transformation of benzo[a]pyrene (BaP) produces aromatic diols and quinones, which in turn can generate ROS via redox reactions [8, 9] . The ROS produced can attack polyunsaturated fatty acids, leading to lipid peroxidation in fish livers/hepatocytes as measured by an increase in the production of malondialdehyde/4-hydroxynonenal or lipopigments in cells [8, [10] [11] [12] [13] [14] . Significant increase of lipid peroxidation and lipopigment accumulation in hepatocytes thus may indicate adverse cytological effects. Our earlier laboratory and field studies further demonstrated a significant correlation between hepatic EROD activity and quantitative changes of hepatic lipopigments (lipofuscin/ceroid) when immature Solea ovata were exposed to BaP/PAHs [3, 4] . The quantitative link established between EROD induction and lipopigment accumulation therefore provides a more meaningful toxicological interpretation behind elevated EROD activities.
Increase in EROD activity tends to be transient and subsides within days after exposure is ceased [3] , but it is not known whether the associated increase in hepatic lipopigments is also transient or irreversible. If the increase is transient and reversible, then this cytological damage is short term, and accumulation of hepatic lipopigments will signify recent exposure of the fish to BaP/PAHs. If the change is irreversible, then permanent damage is implicated, and lipopigment accumulation only indicates that the fish have been exposed to BaP/PAHs sometime in its history. Clearly, a thorough understanding of the reversibility of this cytological change is necessary to corroborate its association with EROD induction. Obviously, such information is essential for interpreting field data and evaluating the robustness of this cytological marker for pollution monitoring and risk assessment.
In most exposure studies, xenobiotics were administered to fish either by direct exposure in water or by intraperitoneal injection; few studies have examined the sublethal effects of dietary exposure of xenobiotics in fish [15] [16] [17] [18] [19] . In particular, the effects of chronic exposure to dietary PAHs on liver cytology are virtually unknown. In the natural environment, how-ever, fish may take up xenobiotics directly from water or diet over time. It remains unknown whether BaP/xenobiotics taken up from diet would elicit similar biochemical and cytological responses (e.g., lipopigment accumulation) as those from intraperitoneal injection or water exposure. Based on the strong correlation between hepatic EROD induction and lipopigment accumulations in the demersal fish S. ovata on intraperitoneal injection of BaP [3] , we concluded that EROD induction is associated with significant cytological damage. It is not clear whether such a correlation is applicable to other fish species or whether this correlation also exists if PAHs are taken up from the diet.
The objectives of the present study were: To investigate EROD activities and quantitative changes of lipopigments in juvenile areolated grouper (Epinephelus areolatus) exposed chronically to foodborne BaP at environmentally realistic concentrations, to correlate the observed EROD activities with quantitative changes of lipopigments, and to study the reversibility and recovery of EROD elevation and lipopigment accumulation induced by dietary BaP.
MATERIALS AND METHODS
In the present study, the carnivorous areolated grouper (E. areolatus) was employed as a model to investigate the chronic effect of dietary PAH exposure on EROD activity and lipopigment formation in liver. This species has a wide geographical distribution, covering South China Sea, IndoPacific, and African waters [20] . It is also an important culture species in Asia [21] . To minimize possible effects of sex on biotransformation and EROD activity [8, 9, 14] , only juvenile groupers without any sign of gonad development were used for experiments. Juvenile areolated groupers were purchased from a local fish farm, treated with 0.625 mg/L of Furanzolidon solution (Aquarium Pharmaceuticals, Chalfont, PA, USA) for 24 h to prevent bacterial or fungal infection, and acclimated in fully aerated seawater (30‰, 20Њ) for 7 d. Seawater for acclimation and experiments was filtered through a sand-activated, charcoal-ultraviolet filter before use.
Exposure and depuration experiments
Juvenile groupers (mean wt, 26.6 Ϯ 1.6 g) were divided into four groups and force-fed daily throughout the experiment with four types of fish pellets (developed for groupers, with 40% protein and 20% lipid): Control pellets, which contained no additives; solvent control pellets, which were injected with dimethyl sulfoxide (DMSO control); low-dose pellets, which were injected with 5 g BaP/pellet; and high-dose pellets, which were injected with 250 g BaP/pellet. Each high/lowdose pellet was designed to provide 0.25 g BaP/g fish/d for the low-dose treatment and 12.5 g BaP/g fish/d for the highdose treatment. The high and low doses were calculated to simulate a daily food consumption rate of 2.5% body weight on mussels (500 g PAHs/g wet wt) and shrimps (10 g PAHs/ g wet wt) from contaminated areas [19] [20] [21] . Measured concentrations of BaP in the pellets (using the method described by Xu et al. [19] ) were 0.2, 0.2, 11.5, and 107.4 g BaP/pellet for control, DMSO control, low-dose, and high-dose treatments, respectively. Frozen food pellets were gently introduced through the sphincter of the esophagus using a glass rod. The whole process took less than 15 s. Fish were returned to water immediately and observed for 3 min, and water in the tanks was checked regularly afterward to ensure that regurgitation did not occur.
Six replicates were used for each treatment/control, and each replicate contained five fish in a 30-L Plexiglas tank with 20 L of seawater (ϳ6.5 g fish/L). The test was conducted for eight weeks. Eighty percent of seawater in each aquarium was replaced every 24 h to prevent the build-up of wastes and ammonia. Water quality in each tank was regularly monitored and maintained (temperature, 22 Ϯ 1ЊC; salinity, 32 Ϯ 1‰; dissolved oxygen, 6 Ϯ 0.5 mg O 2 /L; pH 7.8-8.2; un-ionized ammonia, Ͻ0.5 ppm). Five fish were sampled at random from each treatment/control tank at the end of week 1, week 2, and week 4 during the exposure period. At the end of the fourweek exposure period, remaining fish were transferred to clean seawater for depuration, and all fish were force-fed with control pellets thereafter. During the depuration period, five fish were sampled from each treatment and from the control at the end of week 1, week 2, and week 4. At each sampling, fish were anesthetized with 0.1 g/L of tricane methosulfonate. Livers were removed and dissected into two halves for determination of EROD activity and cytological studies as described below. Liver tissues for EROD determination were immediately frozen in liquid nitrogen and stored at Ϫ80ЊC.
EROD activity
The EROD activity was measured according to the methods of Hodson et al. [22] . In brief, liver tissues were homogenized in a 0.15 M KCl and 0.02 M 4-(2-hydroxy-ethyl)-piperazine-1-ethane-sulfonic acid buffer, then centrifuged at 12,000 rpm for 20 min at 4ЊC. The supernatant (S9 fraction) was collected and stored at Ϫ80ЊC for no longer than 7 d. Ethoxyresorufin O-deethylase was measured using a kinetic assay, with standards and test samples being conducted in triplicate. A volume of 50 l of the S9 microsomal fraction was used for test samples, with 50 l of 0.01 M ethoxyresorufin added to each well. The microplate was incubated for 1 min at 30ЊC in the dark, and the reaction was initiated by adding 10 l of 24 mM nicotinamide adenine dinucleotide phosphate (reduced form) to all wells. At 30ЊC, the plate was then scanned at an excitation wavelength of 530 nm and an emission wavelength of 584 nm every minute for 10 min in a spectrofluorimeter (FluoroMax-3, SPEX; Molecular Devices, Sunnyvale, CA, USA). For protein analysis, the Bradford assay was used. Results were expressed as pmol/mg protein/min.
Tissue preparation for transmission-electron microscopy
The posterior half of the fish liver was used for transmission-electron microscopy. Liver tissue was cut into 1-mm 3 cubes in cold fixative (2% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.6, containing 0.05% CaCl 2 ). Tissue samples were fixed overnight at 4ЊC, followed by washing (in 1:1 mix of cacodylate buffer and doubled-distilled water, and then doubled-distilled water, for 10 min each step) before postfixation in 1% osmium tetroxide for 2 h. Samples were rinsed thoroughly in doubled-distilled water (15 min), dehydrated through a graded ethanol series to acetone, and then infiltrated gradually in Spurr's resin (for 2 d) before embedding. Semithin sections (thickness, 0.5 m) stained with toluidine blue were prepared for orienting the tissue for ultrathin sectioning. Ultrathin sections were mounted on a 100-hexagonal-mesh copper grid (EMS, Washington, PA, USA), stained in 2% uranyl acetate and lead citrate for 30 min each, and examined under a transmission-electron microscope (FEI CM208, Eindhoven, The Netherlands) at 80 kV. 
Stereological analysis of lipopigments
Stereological analysis was performed according to the principles of Weibel [23] and of Howard and Reed [24] . The primary stereological parameters determined were the volume density (Vv) and numerical density (Nv) of lipopigments (lipofuscins/ceroids), considering the hepatocyte body as a reference space. Furthermore, Vv (lipopigments,hepatocyte) represents the volume fraction of hepatocyte occupied by lipopigments, and Nv (lipopigments,hepatocyte) indicates the abundance of lipopigments per unit hepatocyte volume [23] . The absolute number (N) and absolute volume (V) of lipopigments within each hepatocyte were also estimated.
For each liver sample, four of eight embedded tissue blocks were randomly chosen for sectioning. One technically perfect ultrathin section from each block was selected for transmission electron microscopy. The procedures for sampling electron micrograph fields followed the method described by Weibel [23] . Four fields were selected on each ultrathin section at both ϫ2,200 and ϫ8,900 magnification, and the images of selected fields were captured and recorded by a charge-coupled device camera (Gatan 792, Pleasanton, CA, USA). This yielded a total of 16 records at each level of magnification for each liver. A total of 45 livers (5 fish ϫ 3 weeks ϫ 3 treatments) from the DMSO control and the high-and low-dose BaP groups were analyzed for each exposure week and depuration week. Only the DMSO control was used for hepatocytological study, because no significant difference in EROD activities was detected between the control and DMSO control in the present study. Our earlier study and previous findings had already established that hepatocytology of fish from the DMSO control was similar to that of the control [13, 25] .
The volume density of hepatic lipopigments, Vv (lipopigments,hepatocyte) , was measured on a transmission electron microscopic image using a test-point lattice with 324 points spaced at d ϭ 10 mm (equivalent to 2.0 m) using a computerassisted stereological toolbox software (The CAST grid system; Olympus, Albertslund, Denmark) . The numerical density, Nv (lipopigments,hepatocyte) , within the test area was calculated according to the method of Weibel [23] , using an unbiased rectangular frame bearing forbidden lines (The CAST grid system; Olympus). Details on the measurement and calculation of Vv (lipopigments,hepatocyte) , Nv (lipopigments,hepatocyte) , and the absolute number (N) and absolute volume (V) of lipopigments followed the procedures described by Au et al. [3] and by Au and Wu [4] .
Statistical analysis
Data were first tested for homogeneity of variance using Bartlett's test. Because homogeneity could not be met, data were first normalized by log 10 -transformation before analysis of variance. Two-way analysis of variance was used to test the null hypotheses that, first, the two dietary levels of BaP do not cause significant changes in EROD activities/stereological parameters during the exposure period as well as the depuration period and, second, that no temporal changes occur in EROD activities/stereological parameters during the exposure period as well as during the depuration period. Whenever a significant difference (p Ͻ 0.05) was identified in time, pairwise comparisons between sampling intervals for the same treatment/control groups were carried out using Tukey's test [26] . Likewise, whenever a significant difference (p Ͻ 0.05) was identified in dose, pairwise comparisons between each individual treatment/control groups for the same time point were carried out using Tukey's test. Spearman rank correlation was used to determine the relationship between EROD activities and various stereological parameters of the same fish. Statistics were performed using the statistical software SigmaStat (SPSS, Chicago, IL, USA).
RESULTS

EROD activities
No fish mortality was found in any control or treatment group during the four weeks of BaP exposure and the four weeks of depuration. Significant induction of hepatic EROD activity was not observed in the control or the DMSO control fish throughout the eight-week experimental period. Moreover, no significant difference in EROD activities was found between the control and the DMSO control fish during the exposure weeks as well as the depuration period (Fig. 1) .
Hepatic EROD activities in both the low-dose and highdose groups were significantly higher than in the control and the DMSO control during week 1 and week 2 of exposure (Fig. 1) . Activities in the high-dose group peaked at week 2. In week 4 of exposure, EROD activities apparently subsided in both BaP treatments, and throughout the depuration period, EROD activities in BaP-treated fish were not significantly different from both the control and the DMSO control fish.
Ultrastructural study
Hepatocytology. Gross liver lesions were not observed in the BaP-exposed fish, but their livers at week 4 of exposure appeared more brownish red in color as compared to those of the controls. Livers of DMSO control fish showed normal hepatocyte ultrastructure. Hepatocytes (average volume, 800 m 3 ) typically possessed an ovoid euchromatic nucleus surrounded by stacks of rough endoplasmic reticulum, mitochondria, and peroxisomes that were common in the cytoplasm (Figs. 2 and 3) . In most hepatocytes, the cytoplasm was filled with a large amount of glycogen, and osmiophilic lipid droplets were distinct and apparent, indicating that the experimental fish were well fed during the study period (Fig. 3) . Hepatocytes of BaP-treated fish at the second week of exposure were characterized by proliferation of lipopigments and lysosomes as well as induction of rough endoplasmic reticulum (Figs. 4 and 5). The electron-dense lipopigments were of varied sizes and heterogeneous in texture, and primary and secondary lysosomes were often found near the lipopigments (Figs. 4 and 5) . Binucleate hepatocytes were observed in livers at week 4 of exposure; exocytotic vacuoles containing electron-dense pigments were also evident (Fig. 6 ). During depuration, the ultrastructure of hepatocytes of BaP-exposed fish were basically similar to those of the DMSO control, with the cytoplasm being filled extensively with glycogen and lipid droplets; lipopigments were present but not apparent (Fig. 7) . Quantitative changes of hepatic lipopigments. The size of hepatic lipopigments as measured by volume density, Vv (lipopigments,hepatocyte) , and the absolute volume of lipopigments did not change during the first week of oral exposure but increased significantly in both the low-dose and high-dose fish after oral exposure to BaP for two weeks ( Table 1 ). The size of lipopigments remained significantly large in the high-dose group up to week 4. During the depuration period, both the Vv (lipopigments,hepatocyte) and absolute volume of lipopigments decreased and were not significantly different from those in the DMSO control fish.
Similarly, the number of lipopigments in hepatocytes as measured by numerical density, Nv (lipopigments,hepatocyte) , increased significantly in both of the low-dose and high-dose fish from week 2 to week 4 of exposure ( Table 1 ). The absolute number of lipopigments remained significantly high in the high-dose group up to week 4. However, significant differences were no longer detectable between the two BaP groups and the DMSO control over the depuration period.
Correlation between hepatic EROD activity and quantitative changes of lipopigments
During the exposure weeks, significant correlations were found between induction of EROD activities and all four stereological parameters of lipopigments. The degree of correlation, in descending order, was as follows: Nv (r ϭ 0.483) Ͼ absolute number (r ϭ 0.464) Ͼ absolute volume (r ϭ 0.361) D.W.T. Au et al. Ͼ Vv (r ϭ 0.358; p Ͻ 0.05) ( Table 2 ). During the depuration period, however, no significant correlation could be found between EROD activity and any of the stereological parameters of lipopigments (Table 2) .
DISCUSSION
Very few studies have found chronic intoxication and hepatocytological changes in fish on oral intake of persistent organics [27, 28] . In the present study, we simulated oral intake of PAH-contaminated food at two environmentally relevant doses. Our results revealed no gross loss of liver integrity and severe degeneration of hepatocytes in juvenile groupers over the four-week exposure to BaP at 0.25 to 12.5 g/g body weight/d. This agrees with the postulation that intestine, instead of liver, was the first injured organ when fish were orally exposed to dietary BaP [29] . The decline in EROD activity at week 4 of BaP exposure therefore is unlikely to be caused by hepatocytological damage induced by BaP. During depuration, induction of EROD activity subsided, which lends further support to our earlier conclusion that BaP could be more readily metabolized by fish and that induction of CYP1A enzyme would cease once administration of BaP was abated [3] .
Ultrastructural analysis of juvenile groupers demonstrated that chronic dietary intake of BaP-contaminated food at a low dose of 0.25 g/g body weight/d for two weeks is sufficient to trigger lipopigment accumulation in hepatocytes (as measured by numerical density, volume density, absolute number, and absolute volume). Proliferation of lysosomes and induction of rough endoplasmic reticulum were also apparent. Increased conversion of lysosomes into lipopigments was reported in hepatocytes of wild fish caught from highly contaminated sites [30, 31] . This is further supported by the recent study of Köhler et al. [32] , which reported that increases in the size and lipid content of lysosomes were representative of the onset and progression of toxipathic lesions in the liver of flounder (Platichthys flesus). Likewise, lysosome integrity and enlargement of lysosomes in digestive cells of mussels have been recommended as sensitive and reliable cellular biomarkers of pollutant exposure and effects [33] . Current understanding on the reversibility of hepatic lipopigment accumulation is very limited. An early study by Kö hler [30] showed increased lipopigments in hepatocytes of flounders caught from the highly contaminated Elbe River (Germany), and approximately 45% of liver regeneration resulted within 10 d of depuration. Broeg et al. [34] speculated that lysosomal stability in the liver of fish exposed to chronic pollution may recover more quickly as compared with their counterparts from less polluted areas. The present results show that hepatic lipopigment accumulation in both the low-dose and high-dose BaP groups subsided within one week after depuration. Vacuoles containing electron-dense substances were closely associated with plasma membrane of hepatocytes, signifying active exocytosis of accumulated lipopigments. Our present findings, together with those of Köhler [30] , therefore suggest that the increase of hepatic lipopigments in fish is transient and reversible, which implies that induction of this hepatocytological marker is indicative of recent exposure of the fish to BaP/ PAHs.
The EROD activity tends to be more responsive/sensitive than accumulation of hepatic lipopigments to BaP, because significant EROD induction was already detectable after one week of dietary exposure whereas significant increase of lipopigments was only detected after two weeks. Yet, accumulation of lipopigments in the high-dose group appeared to be more persistent than EROD induction on dietary BaP exposure (which tended to decline at the fourth week of exposure). The temporal changes in these two biochemical and cytological markers revealed in the present study help us to better interpret chronic exposure of fish to BaP/PAHs. Recently, Nacci et al. [35] showed that fish can develop resistance to BaP, as shown by a reduction in EROD activity in fish preexposed to BaP. In the present study, EROD levels in the two BaP treatment groups decreased at week 4 after exposure, suggesting that the experimental fish might have acclimatized to BaP after prolonged exposure. All parameters of lipopigments in the high-dose group, however, were still significantly higher than those in the control at the fourth week of exposure, possibly reflecting the lag period in between EROD production, ROS production, and the resultant cytological changes.
Most importantly, the present study further corroborates that induction of hepatic EROD activity is correlated with increases in various stereological parameters of hepatic lipopigments (as measured by volume density, absolute volume, numerical density, and absolute density; r ϭ 0.483-0.358, p Ͻ 0.05), regardless of the species employed (S. ovata and aerolated grouper) and route of intake (intraperitoneal injection or dietary intake). Our earlier laboratory study demonstrated a significant correlation between hepatic EROD activity and quantitative changes of hepatic lipopigments and peroxisomes (as measured by numerical density, volume density, absolute number, and absolute volume) when immature S. ovata was injected with BaP [3] . Our subsequent field study on immature S. ovata sampled from a site contaminated with PAHs and polychlorinated biphenyls further corroborated our laboratory findings that induction of EROD activity was associated with the increase of hepatic lipopigments (as measured by absolute volume and absolute number) [4] .
It is widely recognized that xenobiotic-induced changes at the suborganismal level may not be ecologically relevant unless adverse biological effects can be demonstrated [36] . In humans, excessive accumulation of lipopigments (lipofuscin/ ceroid; Batten's disease) is clearly indicative of adverse cytological effects [12, 37, 38] . Large amounts of undegradable lipopigments in human fibroblasts increase the susceptibility of cells to oxidative stress [13] . Lipopigments also tend to accumulate in the lysosomal compartment [12, 39, 40] , thereby leading to damage and/or disturbance of the important functions of the lysosomal system, decreasing adaptability, and subsequently increasing cell death [41] . Conceivably, excessive lipopigment accumulation observed in fish may also interfere with vital cellular functions and survival of affected cells, which may eventually decrease the overall fitness of the fish. The use of cytological change, such as lipopigment accumulation, therefore is indicative not only of exposure but also of harmful biological effects in response to BaP/PAHs. The fact that a strong correlation exists between EROD induction and lipopigment accumulation implicates that elevated EROD activities in fish liver do not merely indicate exposure but also are associated with significant biological effects. Our present findings provide stronger supporting evidence that these two biochemical and cytological markers, hepatic EROD activity and lipopigment accumulation, could serve as biomarkers of effects in fish exposed to BaP and/or PAHs.
